SUMMARY
BALB/c and Schofield mice were inoculated with formalin-killed bacteria prepared from strains of Salmonella enteritidis belonging to phage type (PT) 4 and carrying a 38 MDa plasmid and expressing long-chain lipopolysaccharide, or strains without a 38 MDa plasmid or lacking the ability to express lipopolysaccharide. Vaccinated mice were challenged with viable bacteria belonging to a virulent strain of S. enteritidis (PT4). Mice surviving this viable challenge were examined for a humoral antibody response to membrane antigens of S. enteritidis (PT4) that might relate to the possession of a given virulence property. BALB/c mice immunized with any of the test antigens were found to be immune to S. enteritidis (PT4), and this immunity was protective. Serum antibodies, of the IgG class, were
INTRODUCTION
Strains of Salmonella enteritidis belonging to phage type 4 (PT4), that have long-chain lipopolysaccharide (LPS) and carry a plasmid of 38 MDa are highly virulent for BALB/c mice [1] . For strains of S. enteritidis (PT4), loss of this 38 MDa plasmid or the inability to express LPS results in a million-fold decrease in virulence for mice [2] . The virulence mechanisms encoded by the 38 MDa plasmid have not been fully elucidated; however, studies from this laboratory [1] have shown that possession of this plasmid did not result in the ability of strains to express novel outer membrane proteins, to produce certain toxins, to produce haemolysins or to express an aerobactin-mediated iron-sequestering system.
Certain virulence mechanisms, such as those involved in high-affinity iron uptake, are only expressed by organisms multiplying in vivo [3] . Once identified, these inducible virulence determinants can be expressed in vitro using specialised growth conditions. Using bacteria expressing inducible virulence mechanisms, such as iron-regulated outer membrane proteins, antibodies recognising these proteins can be detected in sera from infected patients [4] . The aim of the present study was to investigate the pathogenic mechanisms of strains of S. enteritidis (PT4) in an attempt to elucidate putative virulence mechanisms encoded by the 38 MDa plasmid. Since strains of S. enteritidis are highly virulent for BALB/c mice, and experimental animals succumb to infection before a humoral antibody response can be mounted, mice were vaccinated with various antigens prior to challenge to prevent the rapid onset of disease. Immunized animals were subsequently challenged with virulent S. enteritidis and the antibody response of surviving animals examined. Studies with mouse strains: BALB/c, Schofield, B10D2 (new), Biozzi (high), Biozzi (low), C3HeJ, B10 ITYR and C57/L are described.
MATERIALS AND METHODS

Bacteria and bacterial culture
Salmonella enteritidis strain P132344 (PT4), expressed long-chain lipopolysaccharide (LPS) and carried a 38-MDa plasmid (LPS +, plasmid +) [1] . S. enteritidis strain P132344/1 was an isogenic derivative of strain P132344 with long-chain LPS but without a 38-MDa plasmid (LPS +, plasmid-) [1] . S. enteritidis strain 131245 (PT7) did not express long-chain LPS [2] but carried a 38-MDa plasmid (LPS-, plasmid+). A strain of S. typhimurium (P207594) was also used. All strains were stored on Dorset's egg slopes in the culture collection held by the Division of Enteric Pathogens (DEP).
For the preparation of outer membranes (OMs) and lipopolysaccharide (LPS) and for virulence studies bacteria were grown in nutrient broth (37°C, 16 h). For the analysis whole-cell LPS prepared from bacteria using proteinase-K were grown on nutrient agar (37°C, 16 h). Viable counts were performed by diluting bacterial suspensions in phosphate-buffered saline (PBS) (10-fold steps) prior to plating dilutions (0.1 ml) onto blood agar and incubation (37°C, 16 h).
Preparation of bacterial antigens
Bacteria were harvested from nutrient broth by centrifugation (5000 x g, 4°C, 30 min), washed in PBS and resuspended in PBS containing 1% (v/v) formalin (BDH, Poole, Dorset, U.K.). Following incubation (16 h, 4°C) bacteria were sedimented (as above), washed (×3) in PBS and suspended in PBS to give a concentration of 200 mg/ml. Preparations were checked for sterility by plating onto blood agar.
Outer membranes (OMs) were prepared from S. enteritidis (PT4) strains P132344 and S. typhimurium strain P207594 as described previously [3] . Lipopolysaccharide (LPS) was prepared from S. enteritidis (PT4) strain P132344 and S. typhimurium strain P207594, using the hot-phenol extraction procedure of Westphal and Jann [6] as described [7] . LPS was also prepared from whole cells using proteinase-K [2] .
SDS-PAGE and immunoblotting
Bacterial OMs and LPS were separated by SDS-PAGE [7, 8] . Outer membrane proteins (30 /zg), preparations of LPS (10 gg) or proteinase-K-digested whole cells (500 /~g) were applied to SDS-PAGE gels which were stained with either Coomassie Blue for proteins [5] or with silver for carbohydrate [9] or used for immunoblotting [7] .
For immunoblotting, OMPs and LPS profiles were transferred onto nitrocellulose sheets, blocked with skimmed milk (3% w/v in PBS) and reacted with mouse sera (30/~1 per lane). For the detection of IgG or IgM antibodies, profiles were reacted with radioiodinated affinity purified goat-anti-mouse IgG (whole molecule, Sigma Chemical Co); or radio-iodinated affinity-purified goat-anti-mouse IgM (p~-chain specific, Sigma Table 1 Mortality Chemical Co). The binding of radiolabelled antibodies was detected by autoradiography [7] .
To ensure efficient transfer of OMPs following immunoblotting and for identifying antigenic membrane components, SDS-PAGE profiles were transferred onto nitrocellulose sheets, blocked with PBS containing Tween 20 (0.3% v/v) for 30 min (37°C) and stained with Aurodye (Cambio Ltd., Cambridge, U.K.). Autoradiograms and stained nitrocellulose sheets could then be compared.
Mouse strains
Mouse strains BALB/c, Schofield, BIOD2 (new), Biozzi (low), Biozzi (high), C3HeJ, B10 ITYr~ and C57/L were used due to availability.
Immunization of mice
Mouse strains BALB/c and Schofield were used for mouse protection studies. Test animals were initially bled, via the tail vein, for the preparation of pre-immune sera. Groups of five mice were then injected (i.p) with 100 Izl of antigen preparation (containing 20 mg cells) of S. enteritidis (PT4) strains P132344, P132344/1 (PT4) or P131245 (PT7), or saline. To determine whether a different bacterial species could be used to protect mice from infection with S. enteritidis, two groups of 5 BALB/c mice were also vaccinated with S. typhimurium strain P207594. After 20 days, mice were given a booster injection; and 347 after a further 10 days test bleeds were taken (as above). Seven days later mice were challenged (i.p) with 2 x 103 viable bacteria belonging to S. enteritidis (PT4) strain P132344 or S. typhimurium strain P207594 (see Table 1 ). Mice surviving challenge were bled after 3 weeks.
RESULTS
SDS-PAGE of S. enteritidis OMs
SDS-PAGE OMP profiles of S. enteritidis strains P132344, P132344/1 and P131245 were found to contain three major OMPs (MOMPS) of 33, 35 and 36 kDa; and several minor proteins (for example see Fig. 1, lane 1) . The SDS-PAGE OMP profile of S. typhimurium strain P207594 was essentially identical to the OMP profiles of S. enteritidis and also contained OMPs of 33, 35 and 36 kDa (not shown). SDS-PAGE profiles of LPS prepared from S. enteritidis (PT4) strains P132344 and P132344/1, contained long-chain LPS (for example Fig. 1, lane 2) , whilst the O-antigen of S. enteritid& strain P131245 (PT7) did not express long-chain LPS (Fig. 1, lane 3) . S. typhimurium strain P207594 was also shown to express long-chain LPS (not shown). SDS-PAGE profiles of LPS purified from strains of S. enteritid& (PT4) and S. typhimurium were found to be identical to LPS profiles obtained by digesting whole cells with proteinase-K (not shown), which demonstrates that the LPS used for SDS-PAGE and immunoblotting was representative of the LPS expressed by intact cells.
Mouse protection experiments
Groups of 5 BALB/c and Schofield mice were immunized with formalin-fixed S. enteritidis strains P132344 (LPS +, 38-MDa plasmid+), P132344/1 (LPS +, 38-MDa plasmid-), P131245 (LPS , 38-MDa plasmid +) or PBS. When challenged with viable S. enteritidis (PT4) strain P132344, only BALB/c mice given PBS succumbed to infection. None of the Schofield mice died. BALB/c mice immunized with S. enteritidis (PT4) strain P132344 were protected from challenge with S. typhimurium strain P207594; and similarly, BALB/c mice immunized with S. typhimurium strain P207594 were protected against subsequent challenge with S. enteritidis (PT4) strain P132344.
Antibody production
4.3.1. Balb/c mice. Sera prepared from blood samples taken from BALB/c mice during experimentation were reacted with OMP and LPS profiles of S. enteritidis (PT4) strain P132344 and S. typhimurium strain P207594. Using either antimouse IgM or anti-mouse IgG second-antibodies, pre-immune sera were found to contain immunoglobulins of the IgG class reacting very weakly with the OMP of 33 kDa of both S. enteritidis and S. typhimurium (data not shown). Sera prepared from blood samples taken after immunization of mice with S. enteritidis strains P132344, P132344/1 or P131245, or S. typhimurium strain P207594 were found to contain antibodies, of the IgG class, reacting strongly with a MOMP of 33 kDa (for example see Fig. 1 , lane 4), and a minor protein of 31 kDa (Fig. 1,  lane 4, arrowed) . Sera prepared from blood samples, taken from mice following infection with viable bacteria were also analysed for antibodies to S. enteritidis (PT4) strain P132344 and S. typhimurium strain P207594. Regardless of the strain used to immunize mice, all sera contained antibodies of the IgG class which reacted with OMPs of 33 and 31 kDa (data not shown). Antibodies of the IgM subclass specific for OMPs or LPS of S. enteritidis or S. typhimurium were not detected.
To identify the MOMP band reacting with hyperimmune BALB/c mouse antisera, replicate OMP profiles were transferred onto a nitrocellulose sheet and cut between lanes using pinking shears. One set of profiles was reacted with hyperimmune rabbit antiserum, and the other was stained with Aurodye. The results (Fig. 1, lane 5) show that the protein of 33 kDa was the MOMP recognised by mouse IgG antibodies (Fig. 1, lane  6) .
Schofield mice.
Sera prepared from blood samples taken from Schofield mice during experimentation were reacted with OMP and LPS profiles of S. enteritidis (PT4) strain P132344. Prebleed sera were found to contain antibodies of the lgG class reacting very weakly with the OMP of 33 kDa present in S. enteritidis and S. typhimurium (data not shown). Sera prepared from blood samples taken after immunization of mice with either P132344, P132344/1 or P131245 were found to contain antibodies, of the IgG class, reacting strongly with a MOMP of 33 kDa and a minor protein of 31 kDa (not shown). Sera prepared from blood samples, taken from mice following infection with viable bacteria, were also analysed for antibodies to S. enteritidis (PT4) strain P132344. Regardless of the strain used to immunize mice, all sera contained antibodies of the IgG class which reacted with OMPs of 33 and 31 kDa (data not shown). Antibodies of the IgM subclass capable of reacting with OMPs or LPS of S. enteritidis (PT4) were not found. Mice receiving saline only did not succumb to disease and these mice were found not to raise antibodies, of either the IgG or IgM classes, to OMPs of S. enteritidis (PT4) strain P132344.
Mortality and antibody response of other mouse strains
Since Schofield mice were found not to succumb to disease following injection of S. enteritidis (PT4) strain P132344, other mouse strains were tested for resistance/susceptibility to experimental infection with this organism. Mice belonging to strains Biozzi (high) and C3HeJ were very susceptible to infection with S. enteritidis (PT4). For mice belonging to strain B10D2 (new), three out of five animals succumbed to infection; and one mouse died from each group comprising strains Biozzi (low) and C57/L. Mice belonging to strain B10 ITvR were resistant to experimental challenge with S. enteritidis (PT4) P132344.
Mice surviving challenge with S. enteritidis (PT4) were examined for an antibody response to the OMPs and LPS of S. enteritidis (PT4) strain P132344. The two surviving mice belonging to strain B10D2 (new) raised antibodies of the IgG class to the OMP of 33 kDa, the remaining mice belonging to strains Biozzi (low) (4), C57/L (4) and B10 ITYR (5) did not raise antibodies of the IgG or IgM classes to OM components of S. enteritidis (PT4).
DISCUSSION
The virulence of strains of S. enteritidis (PT4) for BALB/c mice requires the possession of a 38-MDa plasmid and the ability to express longchain LPS [1] . In the present study we showed that immunizing BALB/c mice with formalinkilled S. enteritidis carrying either a 38-MDa plasmid or expressing long-chain LPS, or having both of these virulence properties, protected mice from subsequent challenge with a virulent strain of S. enteritidis (PT4). For these mice, protection from experimental challenge with S. enteritidis (PT4) did not involve the production of IgG or IgM antibodies specific for S. enteritidis LPS or antibodies to plasmid encoded OMPs. This was of particular interest since expression of long chain LPS and possession of a 38-MDa plasmid are 349 essential for virulence in BALB/c mice [1] . Initia! observations suggested that protection might have resulted from the production of antibodies to an OMP of 33 kDa, thought to be OmpA, and a minor OMP of 31 kDa. However, since antibodies can be prevented from binding to OMPs and especially OmpA by long-chain LPS [10, 11] , circulating antibodies were probably not involved in the protection described.
Injecting Schofield mice with formalin-fixed S. enteritidis either expressing long-chain LPS or carrying a 38-MDa plasmid or both, also resulted in the production of antibodies to OMPs of 33 and 31 kDa, further suggesting that these two proteins were the two major antigenic components in the OM of S. enteritidis. However, since control mice, which did not succumb to infection with S. enteritidis (PT4), did not raise antibodies to OMPs or LPS further suggested that resistance to experimental infection did not involve antibodies to components of S. enteritidis (PT4). Using additional strains of mice confirmed that certain strains of mouse (BI0 ITYR) were more resistant to infection than others (BALB/c, Biozzi (high) and C3HeJ), and that mice resistant to experimental challenge did not raise antibodies to either the OMPs or the LPS of S. enteritidis (PT4).
Studies concerning the immunity of mice from infection with S. typhimurium suggest that cellular immunity plays the major role in protecting animals from experimental infection [12] . Also, vaccination with viable attenuated bacteria has been shown to stimulate cellular immunity, whilst injection of mice with killed organisms results in a humoral antibody response [12] . However, this area of research has become increasingly obscured by some workers having omitted to state the strains of mice used for their particular studies. Considering the results we present here, the strain of mouse used for experimentation can have a profound impact on the outcome of vaccination and challenge studies.
From experiments involving the infection of BALB/c mice with strains of S. enteritidis (PT4) carrying a 38-MDa plasmid, this plasmid has been termed 'the virulence-associated' plasmid [13] . From our study it would seem that antibodies to the gene product(s) of the 38-MDa plasmid, or LPS, are not required for protection against experimental infection. Furthermore, since only certain strains of mice appear to be susceptible to experimental infection with strains of S. enteritidis (PT4) carrying a 38-MDa plasmid, the term 'virulence plasmid' is not applicable unless virulence is stated in terms of the strain of mouse used. The role of the 38-MDa plasmid in the infection of BALB/c mice remains unclear. However, following our study we suggest that the term 'virulence-associated plasmid' [13] , which implies that this plasmid plays a role in the pathogenicity of strains of S. enteritidis (PT4) for other animal species (e.g. humans), should be discontinued.
